Hair cells, the primary receptors of the auditory, vestibular, and lateral-line sensory systems, produce electrical signals in response to mechanical stimulation of their apical hair bundles. We employed an in vitro preparation and intracellular recording to investigate the transduction mechanism of hair cells in the sacculus from the inner ear of the bullfrog (Rana catesbeiana). When Hair cells respond with small receptor potentials (1, 2) which evidently excite afferent nerve fibers by chemical (3) or electrical synapses.
the receptor potential corresponded to stimuli directed towards the kinocilium. Depolarizing responses were associated with a membrane resistance decrease, and hyperpolarizing responses with a resistance increase. Action potentia, possibly calcium spikes, were occasionally evoked in hair cells by mechanical or electrical stimulation. Vertebrates detect sounds, body accelerations, and water movements with the acoustico-lateralis sensory system. The primary receptors of this system, whether in the cochlea, the vestibule, or the lateral-line organ, are neuroepithelial cells termed hair cells. These cells are characterized by the presence at their apical surfaces of "hair" bundles, each consisting of elongated microvilli (stereocilia) and in most cases a single true cilium (kinocilium). Stimuli of various modalities, conveyed to the appropriate hair cells in the form of vibrations or static deformations, stimulate the cells by bending their hair bundles.
Hair cells respond with small receptor potentials (1, 2) which evidently excite afferent nerve fibers by chemical (3) or electrical synapses.
The transduction process by which bending of the hair bundle elicits an electrical response is poorly understood because hair cells are generally small, relatively inaccessible, and difficult to impale with intracellular microelectrodes. Moreover, because the cells in situ are stimulated through the mechanical and hydrodynamic linkages that couple their hair bundles to vibrations in the external medium, the exact nature of the mechanical stimuli delivered to the cells is unknown in every instance. We have circumvented these difficulties by developing an in vitro preparation which permits intracellular recording from relatively large hair cells during the delivery of precisely defined stimuli directly to their hair bundles.
MATERIALS AND METHODS
Experimental Preparation. The hair cell preparation was taken from the sacculus of the bullfrog (Rana catesbeiana); this organ of the inner ear responds to ground-borne vibrations (4) and perhaps to sound (5) . The macula, a discoidal region of the saccular wall in which the hair cells are situated (6) , was rapidly dissected from the labyrinth by a ventral surgical approach. After the otoconia (otoliths) within the sacculus were rinsed away with a gentle stream of standard saline solution, the transparent otolithic membrane that overlies the macula was carefully peeled away with fine forceps. ported by a layer of connective tissue. The otolithic membrane (OM), which normally couples stimuli to the hair bundles (HB) of the receptor cells, is shown partially dissected from the site of experimentation. While the intracellular potential is recorded through a glass microelectrode (ME), a hair cell is stimulated by a capillary stimulus probe (SP) slipped over the tip of its hair bundle and moved parallel to the epithelial surface (arrows).
of intracellular potential during current injection. The current delivered was monitored by a virtual ground circuit interposed between the silver/silver chloride bath electrode and ground.
Stimulating Apparatus. Mechanical stimuli were conveyed to individual hair cells by glass capillary probes slipped over the tips of their hair bundles. Capillaries were pulled on conventional microelectrode pullers and bent as described above. Under a dissection microscope, they were ground flat to internal tip diameters of 2-3 gim with 0.3-gm-diameter abrasive particles on plastic discs (Imperial Lapping Film, Minnesota Mining and Manufacturing, St. Paul, MN) mounted on a rotary grinding tool.
Probes were attached to and actuated by a piezoelectric bimorph bender element (Vernitron, Bedford, OH) driven by a waveform generator (model FG 501, Tektronix). Like the recording electrodes, the stimulus probes were about 30 mm in length, and were positioned with a micromanipulator (Leitz, Wetzlar, Germany). The motion of the stimulus probe was calibrated with the experimental microscope and stroboscopic illumination to an accuracy of about +0.1 IAm. In the frequency range from dc to 150 Hz, this system displayed good linearity, uniform frequency response, negligible hysteresis, and no resonances. The probe tip moved along a virtually straight line parallel to the experimental preparation's surface.
Histology. Living experimental preparations were photo- (Fig. 2) . The kinocilium and individual stereocilia of each cell are also usually visible, so that one may define a vector, from the center of the stereociliary mass to the kinocilium, which corresponds to the axis of greatest sensitivity of the cell (7). The orientations of hair cells shift systematically across the macular surface, and reverse along a curved boundary (6). (10) (11) (12) (13) . If the vertebrate hair cell response has a similar origin (14, 15) , it should be possible to detect the conductance change involved. For this purpose, responses to stimuli of saturating intensity were collected while short, constant-current pulses were injected into cells through the recording electrode. The potential changes produced by these pulses then provided an instantaneous measure of membrane conductance.
It has been possible to measure conductance changes in seven of roughly twice as many attempts; positive results are extemely dependent on optimal electrode penetrations. The resting input resistances of saccular hair cells are at least 200 MQ; bending of hair bundles towards kinocilia decreases this resistance, while bending towards stereocilia increases it (Fig. 3C) . The total resistance change between the extremes of response reached 50 MU; control experiments indicate that this change cannot be accounted for by the passive rectifying properties of the hair cell membrane.
Action potentials
A surprising feature of recordings from hair cells of the bullfrog sacculus was the occasional presence of action potentials. These were relatively slow, with risetimes of 5-10 msec, and their peak amplitudes rarely exceeded 40 mV above the resting potential (Fig. 3D) . The largest action potentials also had undershoots of more than 15 mV. Impulses were observed only with optimal electrode penetrations, usually with resting potentials exceeding 60 mV. Single or multiple action potentials arose from the'depolarizing phases of receptor potentials, or could be evoked by injection of positive current pulses. The spikes were not abolished or altered by the presence of 10 uM tetrodotoxin in the bathing medium.
DISCUSSION
The results presented here demonstrate thf vertebrate hair cells can produce receptor potentials up to at east 15 mV in amplitude. This value approaches that found in invertebrate hair cells (12, 13) and in such other primary sensory receptors as photoreceptors (10) and invertebrate stretch receptors (11) . The responses we have recorded are 4-fold larger than any noted previously (1-3) , a fact we attribute to the exceptionally stable microelectrode penetrations afforded by special electrodes and an in vitro preparation. Because these cells seem to be quite sensitive to microelectrode penetration, and because their input resistances are very large and variable, it is likely that even the present electrodes compromised input resistances significantly and that still larger responses can be obtained.
In the inner ear, the apical surfaces of hair cells face a highpotassium, low-sodium endolymph solution, while the basal and lateral cell surfaces are in perilymph of an ionic composition similar to that of plasma. In the in vitro system described here, however, all surfaces of the cells are immersed in a fluid of homogeneous composition. It is therefore possible' that this ionic irregularity, or the slightly elevated Ca2+ concentration (4 mM), is responsible for the large responses observed.
The form of the input-output relationships recorded intracellularly from single hair cells resembles the relationship found previously from extracellular (microphonic) recordings of large populations of cells. In particular, the asymmetry of the curve, with more rapid saturation in the hyperpolarizing than in the depolarizing direction, accords with the finding in the goldfish sacculus (16) . The polarity of the response, which is positive on flexion towards the kinocilium, is consistent with inferences originally made from responses of the semicircular capal ampulla (7). The range of hair bundle displacements to which the cells respond is also comparable with values from other acoustico-lateralis organs. The normal range of displacement in the human semicircular canal is estimated on theoretical grounds not to exceed 3 /im (17) . In the skate semicircular canal, recordings of nerve activity indicate an upper limit for the dynamic range of 5 ,am, which corresponds to about 70 (18) .
The sensitivity of the hair cells is extraordinary: the slope of the input-output curve can reach 20 mV per micrometer of displacement. If hair cells, like photoreceptors, can synaptically transmit statistically significant signals corresponding to 10 ,tV receptor potentials (19) , the threshold sensitivity of the amphibian sacculus would approximate 500 pm (5 A). Von Bekesy estimated the movement of the basilar membrane of the human cochlea (approximately equal to bundle displacement) at 1 pm at auditory threshold (20) . Although discovery of nonlinearity in the membrane response (21) prompts upward revision of this value, the sensitivity of cochlear hair cells is evidently much greater than that of amphibian saccular hair cells. We should note, however, that cochlear hair cells lack kinocilia and so may operate in a manner different from most other hair cells (22) .
The difficulty in obtaining good records of conductance changes associated with hair cell responses leads us to regard this result as preliminary. Nevertheless, the depqlarizing portion of the responses was consistently accompanied by a decrease Proc. Natl. Acad. Sci. USA 74 (1977) Biophysics: Hudspeth and Corey in input resistance. This suggests that the rec-eptor potbialo6f the vertebrate hair cell results from alterations in membrane conductance to an ionic species whose reversal potential lies positive to the resting potential. This observation and the blocking effect of Mg2+ are consistent with a role of Ca2+ in the transduction process (8) .
There are several possible origins for the action potentials we have recorded from hair cells. Spikes might arise in the hair cells themselves, which would be expected to possess the voltagesensitive channels associated with synaptic release (23) . Alternatively, an endogenous action potential mechanism could serve as an amplifier of receptor potentials, as probably occurs in the modified acoustico-lateralis cells of electroreceptor systems (24) . Finally, the spikes could be a manifestation of electrical coupling of hair cells to postsynaptic nerve terminals. While freeze-fracture examination of the bullfrog sacculus indicates that gap junctions on hair cells are rare, small junctions have been seen on hair cells situated peripherally in the macula (A. J. Hudspeth, unpublished data). Because of the slow time scale of the spikes and their insensitivity to 10 liM tetrodotoxin, we suspect that they are calcium action potentials (25) The costs of publication of this article were defrayed in part by the payment of page charges from funds made available to support the research which is the subject of the article. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
